Abstract-In this paper, a functional simulation model for the voltage-source inverter (VSI) using the switching function concept is studied and the actual implementation of the model is proposed with the help of Matlab Simulink. Also, this concept is extended to the voltage-doubler-type pulsewidth-modulated (PWM) ac-dc rectifier and the PWM Ac-dc-ac converter. With the developed functional model, the simplification of the static power circuits can be achieved so that the convergence and long run-time problems can be solved. Also, in the functional model, the design parameters, such as voltage and current ratings of the power semiconductor switches and load current, can be easily calculated. The general switching function concept is reviewed in brief and the proposed functional models for the VSI, voltage-doubler rectifier, and PWM ac-dc-ac converter and their implementations using Matlab Simulink are explained in detail. Also, several informative simulation results verify the validity of the proposed models.
I. INTRODUCTION

W
ITH THE HELP of several powerful computer simulation tools such as Pspice, Saber, and Matlab, one can analyze and design the static power converter/inverter systems effectively. In power electronic systems, the simulation is mainly performed to analyze and design the circuit configuration and the applied control strategy.
In the cases of Pspice and Saber, the power conversion circuits can be schematically expressed by using actual power semiconductor device models and passive elements. Also, the control algorithm can be implemented by analog components. Due to the schematic characteristics, Pspice and Saber are suitable for design at the circuit level, i.e., power system configuration, snubber circuit, resonant network, and auxiliary circuit for the main power circuit. However, these models are described as a nonlinear controlled source by means of functions that contain exponential terms, resulting in slow execution times, large amounts of generated data, and convergence problems [4] .
On the other hand, in the case of Matlab, the proper state equations should be obtained in order to describe the power con- The authors are with the Department of Electrical Engineering, Texas A&M University, College Station, TX 77843-3128 USA (e-mail: ehsani@ee. tamu.edu).
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version circuit. With the state equations, the circuit can be easily modeled by using the functional blocks, which are supported in Matlab Simulink. In particular, in Matlab, the various kinds of control algorithms can be easily implemented without using actual analog components. However, obtaining the state equation according to the circuit configuration is a cumbersome and time-consuming job. Whenever there is a minor change in the circuit configuration, new state equations should be obtained for describing the new circuit. Therefore, a simple method to model the power conversion circuits is highly desirable, which is not based on the state equations. Recently, several research works have shown that the switching function concept is a powerful tool in understanding and optimizing the performance of the static power converters/ inverters [1] - [5] . Using the switching function concept, the power conversion circuits can be modeled according to their functions, rather than circuit topologies [2] . Therefore, it can achieve simplification of the overall power conversion functions and also allow for the development of analytical concepts that are applicable to families of converters instead of individual ones [3] . In [4] , the authors proposed the Pspice simulation model by using a switching function concept. The model could solve the convergence problem and reduce the run time effectively. However, even though the converters are modeled as functional ones, additional passive elements and analog control circuits should be used to implement the overall system. Therefore, it is noted that the inherent problems of Pspice cannot be solved completely.
In this paper, a functional simulation model for the voltagesource inverter (VSI) is studied using the switching function concept. Then, the model is simply implemented by using the functional block of Matlab Simulink. The developed model has the following advantages. 1) Simplification of the power conversion circuit can be achieved.
2) It provides an easy-to-design tool for design and examining the performance of the control strategy. When a control algorithm is designed, the performance of the developed algorithm should be examined with the respect to static and dynamic response and influence on the efficiency and performance of the power conversion system. In order to do that, an effective topologically oriented simulation model, which can measure the detailed voltage and current waveforms and calculate the average and rms ratings, is highly desired. Under the developed model, the performance of control strategy can be effectively examined without long simulation run time and convergence problem.
3) The design parameters such as voltage and current ratings of the power semiconductor switches and load current can be easily calculated. 4) Obtaining the state equations and using the real power semiconductor device models are not required in order to describe the power conversion circuit. 5) The convergence problem is avoided and simulation run time is greatly reduced. 6) It can be easily extended to different power conversion topologies, such as pulsewidth-modulation (PWM) ac-dc rectifier and PWM ac-dc-ac converter. In the remainder of this paper, the general switching function concept is reviewed in brief and the proposed functional model for the VSI and the implementation using Matlab Simulink are explained in detail. Also, this concept is extended to the voltagedoubler-type PWM ac-dc rectifier and the PWM ac-dc-ac converter, and, several simulation results are presented to verify the validity of the proposed models.
II. GENERAL THEORY OF SWITCHING FUNCTION
As shown in Fig. 1 , the static power converters/inverters can be modeled as a black box with the input and output ports. The dc and ac variables can be input and output according to the operation mode [4] . Then, the transfer function is obtained to describe the task to be performed by the circuits. In particular, the transfer function can be used to compute a dependent variable in terms of its respective independent circuit variable [3] . Also, in PWM, the waveform to be modulated is considered the independent variable and the resulting modulated waveform is the dependent variable. For example, in the case of a VSI, the output voltage is dependent variable and it depends on the input voltage, which is the independent variable. Therefore, the general transfer function can be defined as [3] Transfer Function Dependent Variable Independent Variable
Unmodulated Waveform Modulated Waveform (
With the applied control strategy, each transfer function consists of the various particular switching functions. Using the switching function theory, the detailed relationship between the input and output variables can be obtained. Therefore, obtaining the proper switching function is very important in order to describe the role of the static power converters/inverters. The detailed theoretical explanation of the switching function is well addressed in the references [1] - [3] .
III. PROPOSED FUNCTIONAL MODEL FOR THREE-PHASE VOLTAGE SOURCE INVERTER
A. Switching Function for VSI Fig. 2(a) shows the circuit configuration of the VSI and Fig. 2(b) designates the input and output variables to be considered in analyzing and designing the circuit. Based on the transfer function theory, in the VSI, input current ( ) and output voltage ( ) are the dependent variables and input voltage ( ) and output current ( ) are the independent variables. Therefore, the relationship between the input and output variables can be expressed as [3] (2) (3) where is the transfer function of VSI. Generally, the transfer function consists of the several switching functions as (4) In order to define the switching functions, a control strategy to be applied should be selected. In this paper, the sinusoidal PWM (SPWM) technique as shown in Fig. 3(a) is considered as a control strategy. Based on the SPWM, Fig. 3(b) and (c) expresses the two switching functions . The switching function expresses the , and and it is used to calculate the inverter line-to-line voltages ( ) and phase voltages ( ). On the other hand, the switching function designates the voltage across the switch and the load currents ( ) are derived as ratios of voltages and respective impedances using the switching function . Mathematical representations and are given by [2] (5)
B. Implementation of Functional Model
Based on the switching functions and , a functional model for the VSI is built by using MATLAB Simulink [6] . Fig. 4 shows the proposed overall functional model for calculating the design parameters of the VSI. As shown in Fig. 4 , it consists of five functional blocks: SPWM generator, switching function block, inverter block, load current block, and pure switch and diode current generating block. In the SPWM block, the carrier signal ( ) is compared with three different control signals (
) and it inputs to the switching function block to generate the two sets of switching function signals ( and ) as shown in Fig. 5 .
1) Voltage Variables (Line-to-Line and Phase Voltages):
Each phase has two switching functions such as . Using the switching function , the , and can be obtained as
Then, the inverter line-to-line voltages ( ) can be derived as (10) The phase voltages are obtained as
Based on the above-mentioned theoretical explanation, all the required voltage variables in the VSI can be obtained, and, it is realized in the inverter block in Fig. 4 with the proper switching functions. The detailed description of the inverter block is described in Fig. 6 .
2) Current Variables (Load, Switch, and Inverter Input Currents):
Next, the load current block is used to obtain the load currents (
). Assuming the load consists of an R-L load and a balanced one, the load currents are derived as ratios of the phase voltages and respective impedance as 
In order to calculate the current rating of the power semiconductor switch, one needs the information for the pure switch current and the pure diode current. Actually, the switch current ( ) can be divided into (15) where is the pure switch current and is the pure diode current of the switch . Equations (13)-(15) are implemented in the load current block and the pure current generator block as shown in Fig. 4 and the actual implementations are designated as shown in Figs. 7 and 8. Also, from the switch currents, the inverter input current ( ) can be obtained by (16) With any kind of control strategy, such as current control, SPWM, and SVPWM, the final output of the controller is the proper gate signals, which drive the inverter or converter, to achieve the desired outputs. These gate signals can be converted to the switching function signals, which are explained in this paper. In this paper, we explain how the switching function concept could be used to model the VSI, and, as an example, we use the SPWM control strategy. Even though SVPWM is used instead of SPWM, the only change is to replace the SPWM block in Fig. 4 with SVPWM and the outputs of SVPWM block are converted to the sets of switching function signals in the same manner, and, no modification is required for the remainder of parts. 
IV. DYNAMIC ANALYSIS AND OTHER EXAMPLES
A. Dynamic Analysis Model
The speed and torque control loop can be combined with the proposed model for the dynamic analysis. Fig. 9 shows an example of the implementation for the dynamic analysis model using the volts/hertz speed control algorithm. In Fig. 9 , the VSI block designates the proposed functional model as described in Fig. 4 . With the speed (frequency) and voltage references, the frequency modulation ratio ( ) and the amplitude modulation ratio ( ) are calculated and used as input data of the SPWM block in Fig. 4 , which results in generating the proper gating signals based on the calculated and . Therefore, the dynamic response according to the volts/hertz control can be effectively measured. Also, in the same manner, other speed/torque control algorithms can be implemented without modification of the proposed static simulation model.
B. Other Examples
As explained earlier, the proposed model can be easily extended to the other power conversion systems. In this paper, we present two other examples, such as the voltage-doubler-type PWM dc-ac rectifier and PWM ac-dc-ac converter. Fig. 10 shows the circuit configuration of the voltage doubler. As shown in Fig. 10 , the ac main source ( ) is connected to the one switch leg ( and ) and one split capacitor leg ( and ) via input inductor . Therefore, the voltage-doubler rectifier can be divided into three blocks, such as the ac input block, converter block, and current controller block as shown in Fig. 11 . The main functions of this rectifier are to maintain the dc-link voltage ( ) to a desired constant value and to make the ac input current ( ) be a sinusoidal waveform for unity power factor. It is realized by the hysteresis current control method as shown in Fig. 12 . The mechanism of hysteresis current control can be explained as follows.
• Period I: Upper Switch is turned on.
• Period II:
Lower Switch is turned on.
• Period III: Lower Switch is on.
Upper Switch is on. As a result, the output of the current controller block is the switching function signal, repeating between 1 and 1, which Based on the generated switching function, using (19)-(22), the overall voltage and current equations can be implemented as shown in Figs. 13 and 14 .
With the developed voltage-doubler rectifier and the VSI models, the entire PWM ac-dc-ac system for power-factor correction and speed control can be easily composed. Fig. 15 shows the circuit configuration and Fig. 16 shows the simulation model of the PWM ac-dc-ac system. As shown in Fig. 16 , the voltagedoubler rectifier model and the VSI model are connected in series with a little modification. The only changes are that constant dc-link voltage is replaced by the instantaneous voltage source, which is obtained from the voltage doubler, and the inverter input current ( ) is used for calculating the and . Therefore, from this example, it is noted that the developed simulation model can be easily extended to other power conversion systems with a little modification due to its modular characteristics. 
V. SIMULATION RESULTS AND DISCUSSION
The proposed model for the VSI is implemented using MATLAB Simulink (version 5. ), and phase voltages ( ), can be successfully derived as shown in Fig. 18 . Also, the balanced load currents , , and are obtained as shown in Fig. 18(d) .
By multiplying the load currents with the switching function , the switch currents , and can be calculated as shown in Fig. 19 . Then, using the pure current-generating block of Fig. 8 , the switch currents are divided into the pure switch currents ( ) and the pure diode currents ( ) as shown in Fig. 20 . By adding the three switch currents ( ), the inverter input current (dc-link output current)
can be composed as shown in Fig. 20(d) . In order to select the proper power semiconductor device, the voltage and current ratings should be calculated. Using (17) the overall characteristics of the three-phase VSI, and it allows the designer to calculate the design parameters at the same time in the MATLAB environment. With the transient parameters (step size: 1 s and run time: 80 ms), we measured the simulation run time of the developed model as being faster, about 10 the case of the Pspice simulation model with the constant dc-link voltage source. Also, if the constant dc-link source is obtained from the single-phase rectifier circuit or the PWM rectifier, the simulation run time in Pspice is dramatically increased and the convergence problem becomes more serious. However, in the developed model, adding the rectifier circuits does not cause any harmful effect to the simulation run time as well as convergence problem. Therefore, as expected, the developed model is much faster than the Pspice with the high performance.
For the developed voltage-doubler-type PWM ac-dc rectifier, we selected ac input source V rms/60 Hz, input inductor mH, and load , and the voltage and current waveforms are derived as shown in Fig. 21 . Based on the switching function , the input current ( ) is synchronized with the input ac source with the sinusoidal waveform, resulting in unity power factor. Also, with the help of a proportional-plus-integral (PI) controller, dc-link voltage reaches the reference values with the acceptable voltage ripple. From the waveforms of Fig. 21 , it is noted that the developed model successfully outputs the desired characteristics of the voltage-doubler rectifier.
VI. CONCLUSIONS
The functional simulation model of a three-phase VSI using the switching function concept has been studied. The actual implementation of the model has been proposed with the help of MATLAB Simulink, and this concept was examined in other power conversion systems.
The general theory of switching functions was reviewed and a detailed explanation was given for the proposed function model and its implementation. Also, the validity is verified by several informative simulation results. Therefore, it is expected that the proposed model can be effectively utilized in design and analyzing the power conversion system with various PWM control techniques. Furthermore, the control strategy to be applied to the VSI can be easily designed and examined under the developed functional model.
